Abstract. The effect of nitrogen fertilizers on the composition of a weed community was investigated in a barley field. Two doses (70 and 140 kg N/ha) of three fertilizers (ammonium sulphate, calcium-ammonium nitrate, and liquid urea) were used. The results were evaluated using the canonical correspondence analysis. Hybrid analyses and various combinations of environmental variables and covariables were used to separate the influence of the dose and the type of fertilizer and to separate the direct and indirect effects of fertilization. The results reveal that both the dose and type of fertilizer have a significant effect on the composition of the weed community. The results suggest that both the direct effect of fertilizer and an indirect effect, through increased competition of the crop, are important determinants of weed community composition.
by (a) environmental factors and (b) interference (in the sense of Harper 1977) between weeds and crop (e.g. Fogelfors 1972; Spitters & van den Bergh 1982) and among weeds themselves. In agrophytocoenoses, competition for light, water and nutrients are most important (Glauninger & Holzner 1982) .
The remarkable effect of fertilizers on weed communities has been described by many authors (e.g. Koch 1957; Böhnert 1981; Py‰ek 1983; Tilman 1987) . There have also been attempts to list species that indicate the nitrogen content of the soil (Walter 1963; Borg 1964) . A scale of indicator values has been proposed by Ellenberg (1951 Ellenberg ( , 1979 which has inspired authors from all over Europe (see Holzner 1982b) .
Whereas the statistical evaluation of the effect of fertilizer on a single variable is more or less routinely done by using ANOVA, and in more complicated cases GLM or GLIM (see Jongman, ter Braak & van Tongeren 1987) , the evaluation of the effect at the community level has long been a difficult task because of the many mutually dependent response variables, non-linear responses, etc. These difficulties can be overcome using Canonical Correspondence Analysis (CCA, program CANOCO, ter Braak 1987 a,b) , which enables an evaluation of the influence of the environment on the composition of the community and provides a distribution-free Monte Carlo test of significance. Multivariate analysis was usually used as an explanatory data analysis, i.e. for inferring hypotheses from large observational data sets. CCA is not only designed for such explanatory analysis but also for hypothesis testing using data from controlled experiments.
Our study addresses the following questions: 1. What is the effect of fertilizer on the composition of the weed community of a barley field? 2. What are the differences associated with the dose or type of fertilizer used? 3. Is it possible to distinguish the direct effect of the fertilizer from indirect effects through increased
Introduction
Both observations and experimental studies have shown that nutrient supply can control the occurrence of species in plant communities (e.g. Tilman 1982 Tilman , 1985 . However, it is often difficult to separate the direct effect of a single nutrient on particular species from indirect effects mediated by changes in the community and the environment, even in controlled experiments. The major effect of an increase in nutrient supply may be the faster growth of all species of plants, which increases the competition for light.
The composition of a weed community is determined competition with the crop? 4. Is it possible to use a weed community as an indicator of the dose and/or type of fertilizer applied?
Material and Methods
The experimental summer barley field was located near the village of Sam‰in, South Bohemia, Czechoslovakia, at an altitude of 500 m a.s.l. This study exploited an experiment designed to evaluate the hydrological consequences of applying fertilizers. As it was not possible to influence the design of the fertilizer experiment, the quadrats are not true replications (they are pseudo-replications sensu Hurlbert (1984) . Consequently, the statistical analyses may be confounded by spatial heterogeneity of the field, which has not been controlled for.
The locality has a moderately humid climate typical of the highlands (mean annual temperature 6.8 °C, mean annual precipitation 657 mm). The soil is a sandy-clayey brown earth and the pH varied from 5.6 to 6.9. The phreatic level was between 2.6 and 6.0 m depth. The field, 30.5 ha, was divided into plots of ca. 3 ha, each of which was treated with different doses of ammonium sulphate, calcium-ammonium nitrate or liquid fertilizer (DAM 390), the main part of which is urea, combined with ammonium nitrate. For simplicity, the liquid fertilizer was referred to as liquid urea. A mixture of sulphate and nitrate was also applied. The doses of fertilizer used were 0,70 and 140 kg of total nitrogen/ha respectively. The dose of 70 kg corresponds to the agricultural levels in common use in the region for summer barley. The fertilizers were applied in three equal amounts (on April 20, May 20, and June 14) and the samples were taken at the end of June and in July 1983. The experiment started in 1976 using the same crop and fertilization design throughout the whole research period. The results thus represent the long-term effects of different fertilization patterns.
The weed community was sampled by means of randomly located quadrats of 1 m 2 . In each quadrat, species occurrence was estimated using the seven-grade scale of Braun-Blanquet (Mueller-Dombois & Ellenberg 1974) . The set of relevés was elaborated by classical non-numerical synthesis, based on methods of the Zürich-Montpellier school. An ordinal transformation (corresponding to that of van der Maarel 1979) on the 1 -7 scale was used for calculations. Species diversity was calculated as mean number of species per plot S, as species diversity s.s., H' expressed by the Shannon formula (log 2 ) (e.g. Peet 1974) , and as species evenness J' according to Pielou (1966) .
The changes in the community were evaluated using CCA. The environmental variables, the type and dose of fertilizer, and estimated cover of the crop (barley) were used. It is clear that the cover of barley is not only correlated, but directly influenced by the fertilizer. Nevertheless, CCA is able to use environmental variables that are correlated; a combination of various analyses gave a rough estimate of the direct effect of fertilizer and the indirect effect due to changes in the cover of the crop.
To separate the sources of the variability in the weed community, various combinations of unconstrained, constrained and hybrid ordinations with various environmental variables were applied. The unconstrained ordination, DCA, provided an analysis of the overall variability of the whole relevé set. In subsequent analyses, environmental variables were used as follows: Ddose of fertilizer, C -cover of the crop, and T -type of fertilizer; T is a nominal variable, which was coded as four separate variables: S -ammonium sulphate, Ncalcium-ammonium nitrate, U -urea, W -unfertilized. -Response of a weed community to nitrogen fertilizationwere even more profound. The total infestation expressed as mean total dominance per relevé dropped with fertilization.
Of the types of fertilizer, liquid urea had the greatest effect. Plots treated with this fertilizer show the lowest total number of species, mean number of species per plot, species diversity and total infestation. However, it was not possible to distinguish plots fertilized with sulphate from those treated with nitrate. Veronica arvensis, Fallopia convolvulus, Thlaspi arvense, Myosotis arvensis and Veronica persica indicate low nitrogen, and Galium aparine and Apera spica-venti high nitrogen contents (Table 1) . However, differences in the occurrence of the individual species were not associated with the type of fertilizer used, with the exception of Veronica persica and Fallopia convolvulus, the percentage occurrence of which was roughly doubled in nitrate-treated plots, and Thlaspi arvense and Viola arvensis, which occurred more frequently in the plots fertilized with sulphate.
Canonical correspondence analysis
The eigenvalues corresponding to the first three ordination axes were used to characterize the results of particular analyses (Table 2) . In all cases but one (2a), the hybrid analysis was used, with only the first two axes constrained (if there was only one environmental variable, then only the first axis was constrained). Comparison of constrained ordinations with detrended correspondence analysis (DCA), and comparison of constrained and unconstrained axes showed that only a small part of the community variability may be ascribed to environmental variables. The correlation of the first DCA axis with environmental variables was relatively low (R = 0.49). The highest correlation was found with liquid urea (r = 0.47). The high proportion of unexplained variability is partly due to the low number of species per relevé and the strongly aggregated distribution of species within plots. Nevertheless, the first canonical axis was significant in all analyses, for analyses 2 to 6 P = 0.01, for analysis 7 P = 0.05 (Monte Carlo permutation test, constrained permutations used in analyses with covariables).
The amount of variability unexplained by the environmental variables could be estimated by comparison of the third eigenvalue in analysis 2 (all environmental variables used, hybrid analysis, first two axes constrained) and analysis 2a (the same but all three axes constrained).
In the CCA with all environmental variables (analysis 2a, Fig. 1 ) the first axis was determined mainly by the dose of fertilizer and cover of the crop, whereas the differentiation along the other axes was mainly due to type of fertilizer, particularly as the urea-treated plots differed considerably. The plots treated with nitrates and The hybrid analyses were used (only the first two axes constrained) to estimate that part of the variability in the community that can be accounted for by variability in the environment. CCA with all environmental variables was used to estimate the proportion of the community variability attributable to variability in the environment. The community variability attributable to particular environmental variables was estimated using several CCA runs, each with a single variable. However, the cover of the barley crop was highly correlated with dose and type of fertilizer (multiple linear regression, R = 0.81, P < 0.01).
To separate the influence of cover from the direct influence of fertilizers, CCA was computed (1) with dose of fertilizer and composition of fertilizer as environmental variables and cover as a covariable, and (2) with cover as an environmental variable and fertilizer dose and composition as covariables. To determine the effect of a particular fertilizer, plots fertilized with 70 kg N/ha were analysed separately with the type of fertilizers as the environmental variable. The results of the various species ordinations (i.e. species scores on CCA axes) were compared with the indicator values for these species given by Ellenberg (1979) .
Results

Non-numerical analysis
The weed community in the unfertilized plots differed from that in the plots where nutrients were supplied (Table 1) . Regardless of the type of fertilizer used there was a marked decrease in S, H' and J' when 70 kg of N was applied. After addition of 140 kg, the differences were mostly tall and erect weeds (e.g. Apera spica-venti and, with lower frequency, Avena fatua and Chamomilla suaveolens). Low scores on the first axis were found with low, prostrate, radially spreading species, which were not able to compete successfully for light with the crop, Medicago lupulina, Anagallis arvensis, Lamium amplexicaule, with lower frequency Arenaria serpyllifolia, Vicia angustifolia, Spergula arvensis. Apparently, competition for light increased and species diversity desulphates were relatively similar to each other and lie between unfertilized and urea treated plots. The second axis is highly correlated with the urea, and the plots treated with fertilizers other than urea are close to each other and difficult to separate. As the distinction of ureatreated plots is obvious, constrained axes 1 and 3 (analysis 2a) were used to construct a diagram in Fig. 1 . Species with a high score on the first axis, i.e., those growing where the crop was dense on fertilized sites, creased with increasing score on the first axis.
As the cover of the crop was highly correlated with dose and type of fertilizer, omitting the degree of crop cover or even dose and type of fertilizer (analyses 3 and 6) did not significantly decrease the first eigenvalue. On the contrary, only a small part of the variability was explained by the dose (analysis 5).
The hypothesis that the application of a fertilizer has only an indirect effect (mediated through the cover of the crop) was tested by analysis 4 (fertilizer dose and type as environmental variables and cover as the covariable). If there was only an indirect effect, then all the variability should be explained by the covariable. As there was a highly significant first canonical axis, it may be concluded that fertilizers had a direct effect on the species composition of the community. The first axis was mainly determined by urea with the species Avena fatua, Apera spica-venti, and Chamomilla suaveolens having high scores.
The other question is whether there is any effect of crop cover that may not be ascribed directly to fertilizer dose and type. Analysis 7 (cover as environmental variable, dose and type as covariables) yielded the smallest eigenvalue and the first canonical axis was only marginally significant (P = 0.05). This was partly due to a high number of the covariables, which were highly correlated with the only explaining variable. Poa annua, and Agropyron repens had a high score on the first axis, i.e., they occurred in plots that had a relatively dense crop canopy. On the contrary, Anchusa arvensis, Equisetum arvense, and Galeopsis pubescens grew mainly in plots with low crop cover. Because of the strong correlation between the use of fertilizers and crop cover it was very difficult to separate their effects on the composition of weed communities. Nevertheless, the analysis revealed that there was some effect of fertilizers that may not be ascribed to cover and vice versa. Consequently, both the direct effect of fertilizers and the indirect effect through increased competition with the crop were suggested by our data.
To reveal the precise effect of a fertilizer type, only plots receiving 70 kg of N were analysed (Fig. 2) with the type of fertilizer as (nominal) environmental variable. The first axis (λ 1 = 0.252) was determined mainly by urea treatment (r = 0.82) and the second one (λ 2 = 0.158) separates nitrate-and sulphate-treated plots (r = 0.61 and -0.73 respectively). A high proportion of variability remained unexplained; the third ('unconstrained') eigenvalue λ 3 = 0.377. The plots treated with nitrate and sulphate were only slightly separated; plots treated with a mixture of fertilizers were situated in between, whereas plots treated with urea were very different. Species ordination revealed those species typical of particular fertilizer types (Fig. 2) .
Ordinary correlation coefficients were computed for the species' scores on the first (i.e. constrained) ordination axis of analyses 5 and 6 and their indicator values for light, moisture and nitrogen given by Ellenberg (1979) . The indicator values for moisture and light were also considered, as they are thought to be secondarily affected by application of fertilizers. The correlation coefficients were used as a first approximation. Because the coefficient in no case exceeded 0.3, no further analysis was carried out and it was concluded that there is no relationship between the ordination scores and indicator values.
Discussion
Recently, weed vegetation has progressively impoverished over central Europe (Hilbig 1982) . Weed communities are now very uniform, consisting typically of widespread, nitrophilous and shade tolerant species. Consequently, the use of weed communities as ecological indicators is more restricted nowadays. It is frequently reported that nutrient-poor environments have a great diversity of weed species (e.g. Glauninger & Holzner 1982; Hilbig 1982; Holzner 1982a; Py‰ek & Py‰ek 1987; Ellenberg 1988) . Tilman (1987) reported for American weeds that 60% of the species were replaced on high nitrogen plots during secondary succession in abandoned fields. Correspondingly, our results, showing that species richness decreased markedly with increased dosage of fertilizer, agree with the general trend.
Our study also shows that fertilizers have a significant effect on the species composition of weed communities. Further, the results support the hypothesis that the species composition is influenced by both the direct effect of the fertilizer and an indirect effect mediated by increased competition with the crop. However, cover of the crop was not manipulated and all the evidence for indirect effect should be considered as correlation only. The cover of the crop is a non-manipulated part of the causal chain here; the rationale of using covariables for separating the direct effect from the indirect effect in CCA, as used in this study, is approximately equivalent to the estimation of causal relationships in Path Analysis (Jöreskog & Sörbom 1981) . Because of the high correlation between the amount of fertilizer used and the cover of the barley crop, it was impossible to separate the direct from the indirect effect. This is probably the reason why there was no relationship between the response of the particular species to fertilization and their indicator values. Some species were greatly affected by an increase in nitrogen supply, whereas others were more affected by competition. For some species, mainly prostrate, low, laterally spreading ones, the dense cover of the crop deprived them of light so that they were unable to respond to an increase in nitrogen supply. Erect weeds similar in height to the crop were not shaded out and were able to take advantage of the increased nitrogen supply. So, although the effect of fertilizer treatment on the species composition was significant, it was not related to a single environmental variable in a simple way. Both climatic and edaphic factors control the distribution of weed species. Moreover, their distribution is further complicated by agricultural practice. Whereas climatic factors influence the distribution of a species on a large scale, soil conditions influence the local patterns of distribution. The 'indicator value' of a weed species varies from area to area and is influenced by competition with other species, both weeds and crop plants (Holzner 1982b) . Despite these difficulties, the species composition of a community may be indicative of environmental conditions. In many cases, the prevailing growth form is also an important indicator.
Ter Braak & Gremmen (1987) investigated the internal consistency of Ellenberg's indicator values for moisture in a large set of phytosociological data from natural and seminatural communities (more than 1000 relevés) and found the system to be reasonably consistent. However, they investigated the internal consistency only; they used relevés without environmental variables. We were not able to find any correlation between the response of species to nitrogen fertilization and its Ellenberg's indicator value. Perhaps Ellenberg's indicator values reflect phytosociological responses better on a large scale.
Canonical Correspondence Analysis proved to be a very useful tool for the analysis of controlled experiments. By various combinations of environmental variables and covariables it was possible to determine that the fertilizers had both a direct and an indirect effect through increased competition with the crop.
Conclusions
1. There was a clear effect of fertilizer on the weed species in a barley field, which resulted in a decrease in species diversity, changes in composition of species and of growth forms. 2. Both the dose and type of the fertilizer had a significant effect on the weed community. The plots treated with liquid urea differed markedly from the other plots, whereas these treated with sulphate and nitrate were relatively similar. 3. The weed community was influenced both directly by the fertilizer and indirectly by increased competition with the crop. The complete separation of these effects would, however, need further manipulative experiments. 4. The response of particular species to fertilizers was not related to the published indicator values. 5. The canonical correspondence analysis (via the program CANOCO) proved a useful tool for the analysis of controlled experiments.
